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ABSTRACT
Clumping and turbulence are expected to affect the matter accreted onto the outskirts
of galaxy clusters. To determine their impact on the thermodynamic properties of
Abell 2142 we perform an analysis of the X-ray temperature data from XMM-Newton
via our SuperModel, a state-of-the-art tool for investigating the astrophysics of the
intracluster medium already tested on many individual clusters (since Cavaliere et al.
2009). Using the gas density profile corrected for clumpiness derived by Tchernin et al.
(2016), we find evidence for the presence of a nonthermal pressure component required
to sustain gravity in the cluster outskirts of Abell 2142, that amounts to about 30%
of the total pressure at the virial radius. The presence of the nonthermal component
implies the gas fraction to be consistent with the universal value at the virial radius
and the electron thermal pressure profile to be in good agreement with that inferred
from the SZ data. Our results indicate that the presence of gas clumping and of a
nonthermal pressure component are both necessary to recover the observed physical
properties in the cluster outskirts. Moreover, we stress that an alternative method
often exploited in the literature (included Abell 2142) to determine the temperature
profile kBT = Pe/ne basing on a combination of the Sunyaev-Zel’dovich (SZ) pressure
Pe and of the X-ray electron density ne does not allow to highlight the presence of
nonthermal pressure support in the cluster outskirts.
Key words: cosmic background radiation — galaxies: clusters: individual (Abell
2142) — X-rays: galaxies: clusters
1 INTRODUCTION
Cluster outskirts provide the connection between the intra-
cluster medium (ICM) and the filamentary structures of the
cosmic web, and contain substantial amounts of the baryons
and of the gravitationally dominant dark matter compo-
nents. These external regions are extremely interesting since
they are the sites of several physical processes and events
affecting the thermodynamic properties of the intracluster
medium (ICM; see Kravtsov & Borgani 2012; Cavaliere &
Lapi 2013; Reiprich er al. 2013). The matter accreted onto
the cluster outskirts is expected to be clumpy as well as
affected by nonthermal energy inputs in the form of turbu-
lence, bulk motions, cosmic ray pressure and magnetic fields,
as reported by many empirical investigations and hydrody-
namical simulations (Vazza et al. 2009; Valdarnini 2011; Lau
et al. 2013; Gaspari & Churazov 2013; Nelson et al. 2014).
Deviations from spherical symmetry (e.g., Morandi et al.
2010; Donahue et al. 2014), and the presence of a nonther-
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mal pressure support can contribute to originate the bias
between the estimates of the cluster mass from gravitational
lensing and from X-ray/Sunyaev-Zel’dovich (SZ) effect un-
der the assumption of strictly thermal hydrostatic equilib-
rium (Martizzi & Agrusa 2016).
The advent of the SuzakuX-ray observatory with its low
and stable particle background has made possible to spec-
troscopically study cluster outskirts in X rays. The main,
somewhat unexpected, findings from the Suzaku observa-
tions can be briefly summarized as follows: the ICM temper-
ature rapidly declines outward in the region r ∼ 0.3− 1 r200
(Akamatsu et al. 2011; Reiprich et al. 2013); the entropy pro-
file flattens at r & 0.5r200 (see Walker et al. 2013) relative to
the power law increase with slope 1.1 expected from strongly
shocked accretion of external gas under pure gravitational
infall (Tozzi & Norman 2001; Lapi et al. 2005; Voit 2005);
the thermodynamic properties of the ICM are subject to sig-
nificant azimuthal variations, with a more efficient thermal-
ization observed in infall regions facing filamentary struc-
tures of the cosmic web (Kawaharada et al. 2010; Ichikawa
et al. 2013; Sato et al. 2014); in some relaxed clusters the X-
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ray mass profile features an unphysical, decreasing behavior
at large radii (e.g., Ichikawa et al. 2013; Sato et al. 2014)
commonly interpreted in terms of an ICM far from strictly
thermal hydrostatic equilibrium (HE); the latter effect in
turn implies a gas mass fraction fgas higher than the cosmic
value (Simionescu et al. 2011; Fusco-Femiano & Lapi 2013,
2014).
Several mechanisms have been proposed to explain such
observational findings. The entropy flattening may be due
to clumping (e.g., Simionescu et al. 2011; Nagai & Lau 2011;
Walker et al. 2013) in the gas density distribution; this
causes an overestimate of the ICM density and hence an
underestimate of the entropy in the outskirts. Low-entropy
gas in the outskirts may be originated because of the dif-
ferent timescales for thermalization of ions and electrons
by Coulomb collisions (Hoshino et al. 2010; Akamatsu et
al. 2011; Avestruz et al. 2015). Weakening of the accretion
shocks due to slow accretion at late cosmic times or in clus-
ter sectors facing a void (Lapi et al. 2010; Cavaliere et al.
2011) may imply entropy flattening, steep temperature de-
cline, nonthermal motions, and azimuthal variations. The
acceleration of cosmic rays by part of the gas infall energy
may lead to a weaker entropy generation at the boundary
shocks (Fujita et al. 2013). All these mechanisms are de-
scribed with some more details in Fusco-Femiano & Lapi
(2015).
Recently, Tchernin et al. 2016 (hereafter T16) have re-
ported the thermodynamic properties of the massive galaxy
cluster Abell 2142 out to 2 × r500. Adopting the multi-
scale method described in Eckert et al. (2016), these au-
thors combine the pressure profile derived from SZ data by
Planck and the brightness distribution observed in X rays
by XMM-Newton to infer the gas density profile corrected
for clumpiness. Their conclusion is that the thermodynamic
properties of Abell 2142 are compatible with purely thermal
gas pressure in HE, and that the density profiles corrected
for clumpiness can explain the entropy flattening observed
by Suzaku in the outskirts of several clusters, avoiding in
such way the need to consider other mechanisms.
In the present paper we perform the SuperModel (SM;
Cavaliere et al. 2009; Fusco-Femiano et al. 2009) analysis of
Abell 2142 using the X-ray temperature data from XMM-
Newton at r . r500, and adopting the gas density profile
corrected for clumpiness by T16. The SM is a state-of-the-
art semianalytic tool to investigate the clusters’ thermody-
namic properties based on minimal physical assumptions on
the underlying entropy state of the ICM; it has been suc-
cessfully applied to the analysis of several individual clus-
ters (Fusco-Femiano et al. 2009, 2011), and more recently
exploited to assess the role of nonthermal pressure support
in the cluster outskirts (Fusco-Femiano & Lapi 2013, 2014,
2015). Our analysis for Abell 2142 will reveal the presence of
an appreciable nonthermal pressure component, apparently
at variance with the SZ/X-ray analysis. In fact, we will also
shed light on why the method based on the combination of
SZ pressure and X-ray density data cannot highlight such a
nonthermal component.
The plan of the paper is straightforward. In Section 2
we analyze with the SM the temperature profile of Abell
2142 as measured out to r500 by XMM-Newton. For the
fitting procedure we exploit the SM equations reported in
Appendix A (see also Fusco-Femiano & Lapi 2013), yielding
the temperature, pressure and total mass when a nonther-
mal pressure component is included in the HE equation. We
discuss the results and draw our conclusions in Section 3.
Throughout the paper we adopt the standard flat cos-
mology (Planck collaboration XIII 2016) with parameters
in round numbers: H0 = 70 km s
−1 Mpc−1, ΩΛ = 0.7,
ΩM = 0.3. At the redshift of Abell 2142 (z = 0.09; Ow-
ers et al. 2011), 1 arcmin corresponds to 102 kpc. In our fit
we have assumed R = 2×r500 = 2816 kpc where r500 = 1408
kpc, used in T16, is the result of a joint analysis performed
by Munari et al. (2014) for Abell 2142.
2 SUPERMODEL ANALYSIS OF ABELL 2142
We analyze the XMM-Newton projected temperature profile
with our SM, specifying in the HE equation (possibly includ-
ing a nonthermal component, see below) the entropy profile
k(r) ≡ kBT/n2/3. For this analysis we assume a spherically
averaged profile with shape k(r) = kc + (kR − kc)(r/R)a
(see Lapi et al. 2005; Voit 2005) where kc is the central en-
tropy level, set by the balance between various production
and erosion processes including feedback from astrophysical
sources and radiative cooling (see Cavaliere et al. 2009 for
details); kR is the entropy at the virial radius R produced
by supersonic inflows of gas from the external environment
into the cluster gravitational potential well; a is the slope
of the power law increase from the central entropy value.
The above entropy shape has been shown to be consistent
with simulations and observations of both stacked and indi-
vidual clusters (see Voit 2005; Cavagnolo et al. 2009; Fusco-
Femiano et al. 2009; Pratt et al. 2010; Fusco-Femiano & Lapi
2013, 2014, 2015).
We also use a modified entropy run, as it has been con-
sidered in several cool-core clusters for taking into account
the steep temperature and flat entropy profiles observed by
Suzaku toward the virial radius (see Lapi et al. 2010; Walker
et al. 2013). The modified shape starts as a simple power law
with slope a, but for radii r & rb deviates downward; for the
sake of simplicity, the entropy slope is taken to decline lin-
early with a gradient a′ ≡ (a−aR)/(R/rb−1), where rb and
a′ are free parameters to be determined from the fitting of
the X-ray observables. Such a shape is meant to render the
effects of a reduced entropy production relative to a pure
gravitational inflow; this occurs when the accretion rates
gradually decrease and the accretion shocks weaken due to
the slowdown at low z of the cosmological structure growth
in an accelerating universe (Lapi et al. 2010; Cavaliere et al.
2011; Fusco-Femiano & Lapi 2014).
At the same time, the weakening of accretion shocks
in cluster outskirts is expected to let relatively more bulk
energy seep through the cluster and drive turbulence into
the ICM (Cavaliere et al. 2011; Fusco-Femiano & Lapi
2014). In the presence of turbulent motions, an additional
nonthermal component contributes to sustain gravity in
the HE equation. The total pressure can be written as
ptot(r) = pth + pnth = pth[1 + δ(r)] in terms of the quan-
tity δ(r) ≡ pnth/pth, where pth and pnth are the thermal and
nonthermal pressure, respectively. For δ(r) we use the func-
tional shape that concurs with the indication of numerical
MNRAS 000, 1–8 (2017)
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Figure 1. Abell 2142 - Top panel: Projected temperature profiles.
Data points from XMM-Newton (Tchernin et al. 2016). Blue and
red lines are the SM fit in the absence of turbulence in the cluster
outskirts (δR = 0); the black line is the fit with δR = 0.5 and l
= 0.4 (see Eq. [1]). The blue line is obtained with a power law
increase of the entropy while the red and black curves are derived
with an entropy profile that deviates from a power law at r & rb
(see text). Bottom panel: Deprojected temperature profiles. The
thick red and black lines correspond to the red and black fits re-
ported in the top panel (the thin lines represent the uncertainties
at the 1σ level); the green line is the deprojected temperature pro-
file obtained by T16 combining the SZ pressure profile measured
by Planck with the XMM-Newton gas density profile corrected
for clumpiness. Data points represent the spectroscopic data (see
top panel) deprojected by T16 using the method of Ettori et al.
(2010). The vertical dashed, long-dashed and dash-dotted lines
represent r500, r200 and the virial radius R, respectively.
Figure 2. Abell 2142 - Gas fraction profile fgas = Mgas/M .
The thick red profile is obtained with Mgas derived by the gas
density corrected for clumpiness (see T16) and by the total mass
M derived with δR = 0 (see Fig. 4, top panel). The hatched area
is the uncertainty at the 1σ level. The black profile is derived with
δR = 0.5 and l = 0.4; the thin black lines are the uncertainty at
the 1σ level. The dashed horizontal line represents the universal
baryon fraction from Planck (Planck Collaboration XIII 2016),
whereas the thick green line with the dashed green lines is the
expected gas fraction corrected for the baryon fraction in the
form of stars (Gonzalez et al. 2007).
simulations (e.g., Lau et al. 2009; Vazza et al. 2011)
δ(r) = δR e
−(R−r)2/l2 (1)
which takes on the maximum value δR at the virial radius R
and decays toward the inner cluster regions over the char-
acteristic length-scale l.
Along these lines we have analyzed the projected X-ray
temperature profile observed by XMM-Newton in Abell 2142
(T16), adopting the two entropy runs discussed above (e.g.,
a pure powerlaw profile, and a profile bending outwards). All
in all, a better fit is obtained for the entropy profile bending
outwards, as shown by the red line in Fig. 1 (top panel); note
that this fit still does not include a nonthermal pressure com-
ponent. The corresponding 3D temperature profile (see Fig.
1, bottom panel) is subject to a large error toward the virial
radius because the existing data fitted by the SM are limited
to r500. However, we shall show that our SM mass profiles
are consistent with the measurements reported at distances
greater than r500, highlighting the reliability of the SM tem-
perature fit also toward the cluster outskirts. The SM de-
projected temperature profile is consistent at r . r500 with
that derived by T16, via combination kB T = Pe/ne of the
deprojected SZ pressure Pe profile (Planck collaboration V
2013) and of the X-ray density profile ne; note that the latter
profile has been corrected for clumpiness. Contrariwise, at
r & r500 the SM temperature profile is marginally consistent
with the SZ/X-ray outcome.
Combining the 3D temperature profile with the den-
MNRAS 000, 1–8 (2017)
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Figure 3. Abell 2142 - Electron pressure profile. The red and
black curves represent the thermal pressure derived from the de-
projected temperature profiles with δR = 0 and δR = 0.5 (l =
0.4), respectively (see Fig. 1, bottom panel) and with the density
profile corrected for clumpiness (see T16). The blue curve is the
nonthermal pressure component (see Eq. [1]) with δR = 0.5 and
l = 0.4. The green lines and the black points represent the best-
fit pressure profiles obtained by T16 deprojecting the SZ data
using two methods (see their caption of Fig. 10); the magenta
points show the spectroscopic X-ray data deprojected by T16
with the method of Vikhlinin et al. (2006). The vertical dashed,
long-dashed and dot-dashed lines represent r500, r200 and the
virial radius R, respectively.
sity profile corrected for clumpiness we recover the radial
distribution of gas fraction, pressure, hydrostatic mass and
entropy. Despite the large uncertainty associated to the tem-
perature profile, and therefore to the total mass, the gas
fraction (red lines in Fig. 2) is found to be greater than the
universal value at the virial radius. This may suggest the
presence of a nonthermal pressure component, required to
sustain HE in the cluster outskirts of Abell 2142. The point
is strengthened by looking at the electron thermal pressure
profile in absence of nonthermal pressure (red lines in Fig. 3)
that is marginally consistent at r & r500 with that obtained
by T16 deprojecting the SZ data via two different methods
(with consistent results).
The black line in Fig.1 (top panel) shows the SM fit
to the XMM-Newton temperature data when a nonthermal
pressure component is included (see Eq. [A1]), and again a
better fit is obtained for the bending entropy profile. The
best fit parameter a ≈ 1.1 is found for the pure powerlaw
entropy profile; furthermore, for the bending entropy profile
rb ≈ 0.17R and a′ ≈ 0.2 are found, in turn yielding an
entropy slope flattening from a ≈ 1.1 in the inner regions
toward the value aR ≈ 0.12 at the virial radius. The resulting
deprojected temperature profile (see Fig. 1, bottom panel)
implies a greater total mass after Eq. (A4), yielding a gas
fraction in agreement with the universal value (see Fig. 2).
This is obtained with δR ≈ 0.5 in Eq. (1), while the value
of l ≈ 0.4 is determined by looking for the best agreement
of the total mass profile with the measurements reported in
the literature (see Fig. 4, top panel).
The presence of a nonthermal component also im-
plies that the thermal pressure profile is altered somewhat
with respect to that in absence of nonthermal contribution.
This is because in the HE equation dpth/dr + dpnth/dr ∝
−GM(< r)n/r2 the thermal and nonthermal pressure gra-
dients cooperate to sustain the same gravitational pull; then
it is easily understood that the solution of the HE equation
for pth(r) is necessarily different when a nonthermal pressure
component is added.
The net outcome is that the electron thermal pressure
pth profile (black curve in Fig. 3) is now consistent out to
the virial radius with that inferred from SZ data. This is a
consequence of the behavior of T toward the virial radius R
for δR > 0. Specifically, from the temperature and thermal
pressure gradients derived by Eqs. (A1) and (A2) we get
(Fusco-Femiano & Lapi 2014)
gT ≡ (dlnT
dlnr
)R =
3
5
aR − 2bR
5(1 + δR)
(2)
gpth ≡ (
dlnP
dlnr
)R = − bR
1 + δR
(3)
where bR = (45− 19aR)/9 (Cavaliere et al. 2009) and aR =
a− (R/rb − 1)a′ (Lapi et al. 2010).
Thus for δR > 0 the SM temperature and thermal pres-
sure profiles become flatter going toward the virial radius, in
agreement with the measured SZ/X-ray profiles. We remark
that the behavior of T and pth in the cluster outskirts weakly
depends on the adopted functional shape for δ(r) suggested
by numerical simulations and expressed by Eq. (1), and that
the same level of pnth is able to satisfy both the universal
gas fraction value and the SZ pressure profile observed by
Planck. Recently, Ghirardini et al. (2017) have conducted
an analysis on Abell 2319 adopting our pressure profile and
showing its consistency with the observed SZ-inferred pres-
sure profile.
As a final remark, we recall from Fusco-Femiano & Lapi
(2014) that, in the context of a model based on HE (pos-
sibly including a non-thermal component) like our SM, the
detailed shape of the outer entropy profile is more sensitively
inferred from measurements of the temperature rather than
of the pressure gradient. For Abell 2142, after Eqs. (2) and
(3) it is seen that comparing a pure powerlaw entropy pro-
file with a = aR ≈ 1.1 to a flattening entropy profile with
aR ≈ 0.12 (corresponding to the best fit parameter rb/R ≈
0.17 and a′ ≈ 0.2), yields a relative change in the thermal
pressure gradient of ∆P ≈ 1 − gP (aR = 0.12)/gP (aR =
1.1) ≈ −0.8 much smaller than in the temperature gradient
∆T ≈ 1− gT (aR = 0.12)/gT (aR = 1.1) ≈ −3.4.
3 DISCUSSION AND CONCLUSIONS
High precision cosmology with galaxy clusters requires an
accurate determination of cluster masses for wide sample of
objects. However, estimates based on X-ray, SZ, and gravita-
tional lensing observations differ substantially. A plausible
explanation for this measurement bias involves deviations
from spherical symmetry and/or uncorrect description of
nonthermal processes in cluster outskirts. Recently, several
MNRAS 000, 1–8 (2017)
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Figure 4. Abell 2142 - Top panel: Mass profiles. The red and
black profiles represent the total mass obtained with δR = 0 and
δR = 0.5 (l = 0.4), respectively. The blue line is the central profile
derived by the SZ/X-ray analysis (see T16). The green profile is
the gas mass derived with the gas density corrected for clumpi-
ness (see T16). For comparison, the yellow square is M500 from
LX −M relation (Piffaretti et al. 2011), green square is M200
from Suzaku X-ray observations (Akamatsu et al. 2011), magenta
square is M200 from Subaru weak lensing (Umetsu et al. 2009),
and black square is M200 from galaxy kinematics (Munari et al.
2014). Bottom panel: Entropy profiles. Red and black lines are the
entropy profile obtained via the deprojected temperature profiles
of Fig. 1 (bottom panel) with δR = 0 and δR = 0.5 (l = 0.4),
respectively, and the gas density profile corrected for clumpiness
(see T16). Blue dashed line shows the entropy profile expected
from pure gravitational infall with slope 1.1 (Voit et al. 2005);
for r500 and K500 see T16. The vertical dashed, long-dashed and
dot-dashed lines represent r500, r200 and the virial radius R, re-
spectively.
methods have been developed to constrain the nonthermal
pressure support and hence to improve mass determinations
based on the assumption of HE (Vazza et al. 2012; Shi &
Komatsu 2014; Shi et al. 2015, 2016; Biffi et al. 2016; Mar-
tizzi & Agrusa 2016). In particular, the last authors show
that nonthermal pressure support, though negligible in the
inner regions, is increasingly relevant toward the outskirts,
yielding a contribution of (20 − 40)% to the total pressure
at radii in the range r ∼ r500 − 2 r500. This contribution
is considered a lower limit to the pressure balance in clus-
ters because additional sources as magnetic fields and cosmic
rays are currently not included in the simulations. The con-
clusion is that the total mass derived solely by the thermal
pressure underestimates the actual cluster mass at least by
(10− 20)% at r & 0.5 r500.
In the present paper we have performed via our Super-
Model (SM) an analysis of the temperature data for Abell
2142 measured out to r . r500 byXMM-Newton. Observa-
tions out to the virial radius will be fundamental for a more
accurate determination of the ICM thermal state. Abell 2142
has been observed by Suzaku (Akamatsu et al. 2001) out to
r200 only in the NW direction of the possible merger axis.
These temperatures are higher than the azimuthally aver-
aged temperatures measured by XMM-Newton in the study
presented by T16. However, the SM fits to theXMM-Newton
temperature data yield a total mass profile (see Fig. 4, top
panel) consistent with the measurements reported in the lit-
erature at r500 and r200, showing the reliability of our anal-
ysis also at distances greater than r500. Another caveat is
that the XMM-Newton temperature data are not corrected
for the effects of clumpiness that may bias low the temper-
ature profile. However, as it is claimed by T16, the effect
of the presence of clumps on the spectroscopic temperature
values is negligible.
The SM fit to the temperature profile requires an en-
tropy run that flattens outwards for r & rb ≈ 0.17R. By
combining the deprojected temperature profile with the den-
sity profile corrected for clumpiness we have derived the gas
mass Mgas and the total mass M (Eq. [A4] for δR = 0). The
resulting gas fraction fgas = Mgas/M is greater than the
universal value (see Fig. 2). Moreover, the thermal pressure
profile derived by our SM analysis is in good agreement at
r . r500 with the profile obtained by deprojecting the SZ
data, but deviates at larger radii (see Fig. 3). These results
indicate the presence of a nonthermal pressure component
required to sustain gravity in the cluster outskirts.
We have found that this additional nonthermal pres-
sure component amounts to ∼ 30% of the total pressure at
the virial radius; such values are consistent with the indica-
tions from the empirical models and numerical simulations
by Martizzi & Agrusa (2016) and Nelson et al. (2014). We
have shown that inserting a nonthermal pressure component
of such an amount in the HE equation brings the gas frac-
tion into good agreement with the universal value, because
a greater value of M is obtained for δR > 0. The need to
consider the presence of a nonthermal support in the clus-
ter outskirts appears also from the fgas profile determined
in T16 using the X-ray spectroscopic data that gives a gas
fraction at R greater than the universal value.
In addition, we have demonstrated that the presence
of a nonthermal pressure component in the HE equation
necessarily modifies the thermal pressure profile with respect
MNRAS 000, 1–8 (2017)
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to the behavior when such nonthermal component is absent.
The net outcome is that the SM electron thermal pressure
profile becomes flatter (see Eqs. 2 and 3) and consistent
with the SZ data also for r & r500 (see Section 2). The
corresponding SM temperature profile also becomes flatter,
yielding a greater total mass at R (see Fig. 4) and therefore
a lower gas fraction consistent with the universal value. Note
that in the central regions the nonthermal pressure support
is negligible (cf. Fig. 3) so that the thermal pressure profile
and the other thermodynamic quantities are unaffected.
We stress that the resulting total mass profile is consis-
tent with the measurements reported in the literature at r500
and r200 (see Fig. 4, top panel). This shows the reliability of
our SM analysis based on the fit to the XMM-Newton tem-
perature data measured at r . r500. The total mass at the
virial radius is 2.15+0.79−0.88 × 1015M⊙. Note that for deriving
Mgas we consider the same gas density profile corrected for
clumpiness inferred by T16; a slightly difference of ∼ 6% is
between ourMgas(< R) value and that reported in T16. Ne-
glecting the nonthermal pressure biases low the total mass
of ∼ 15% at r200 consistent with the values derived by nu-
merical simulations (e.g., Martizzi & Agrusa 2016).
We also stress that the method by T16 aimed at deter-
mining the temperature profile kBTSZ = Pe/ne from the SZ
thermal pressure Pe and the X-ray density ne does not allow
to highlight the presence of a nonthermal pressure support
in the cluster outskirts. Our SM analysis shows that when
a nonthermal component is included in the HE, the ther-
mal pressure profile is also affected; specifically, it is flat-
tened outwards and becomes consistent with the observed
SZ-inferred thermal pressure profile. This implies that the
approach by T16, based on the SZ-inferred thermal pressure
data, cannot highlight the presence of a nonthermal support.
Eckert et al. (2017a), basing instead on X-ray Chandra ob-
servations of Abell 2142, recently report that infall of groups
can generate turbulence in the cluster outskirts, consistently
with our findings.
T16 also point out that the entropy flattening ob-
served by Suzaku in the outskirts of several clusters can
be explained by clumping with no need to invoke addi-
tional physics, and that the level of a nonthermal compo-
nent, if present, may be negligible. We remark that these
conclusions are not fully supported by the clumping fac-
tor C = 〈n2e〉/〈ne〉2 (Mathiesen et al. 1999) measured in
Abell 2142 by T16. They report at r200 a clumping factor√
C = 1.18 ± 0.06 that raises to 1.36 ± 0.13 at the virial
radius. These values are obtained removing clumps whose
sizes are greater than the size of the Voronoi bins which
corresponds to ∼ 20 kpc. Their measurements are in good
agreement with simulations that include additional baryonic
physics (Nagai & Lau 2011: Roncarelli et al. 2013). However,
the last value is insufficient to produce at R an entropy level
in agreement with the self-similar prediction. To satisfy this
constraint
√
C should be ∼ 1.7. This value is determined
at the virial radius by the ratio between the entropy value
given by the power law with slope 1.1 and the value of k ob-
tained using the gas density profile affected by clumpiness
(C5/6 ≈ 2.4 for k = P/n5/3e , see their Fig. 12). The clumping
factors indicated by simulations, or measured in real clus-
ters like Abell 2142 (see T16), appear insufficient to explain
the deviation from pure gravitational infall, as it is also the
case for several other clusters (e.g., Fusco-Femiano & Lapi
2014). This implies that the entropy deviation is partly due
to a reduced entropy production and not exclusively to the
presence of clumpiness in the gas density profile.
The nonthermal support highlighted by our SM anal-
ysis of Abell 2142 may arise by the increase of the bulk
energy seeping through the virial boundary and driving tur-
bulence in the outskirts, as suggested by the SM analysis
of several other clusters; this occurs during the late clus-
ter growth when the accretion shocks weaken (see Lapi et
al. 2010; Cavaliere et al. 2011; Fusco-Femiano & Lapi 2014).
This mechanism accounts for the observed entropy flattening
and for azimuthal variations in the cluster thermodynamic
properties. A decreasing thermalization is more pronounced
in cluster sectors adjacent to low-density regions of the sur-
rounding environment or in the undisturbed directions of
the cluster outskirts.
In conclusion, the SM analysis of the XMM-Newton
temperature profile in Abell 2142 out to r500 reveals the
presence of a nonthermal pressure component at levels
around ∼ 30% of the total support in the cluster outskirts;
this, jointly with a gas density corrected for clumpiness,
yields at R the universal gas fraction and the SZ pressure
profile observed by the Planck mission. This nonthermal
pressure component is not highlighted by determining the
gas temperature from the SZ pressure data, as discussed
above. On the other hand, the clumping factor profile may
be derived by the X-ray brightness distribution, as reported
by Tchernin et al. (2016) for Abell 2142, and the nonthermal
pressure level by fgas, as shown by our SM analysis of the X-
ray temperature. Another possibility to determine these two
quantities is given by gas fraction measurements based on
X-ray and weak gravitational lensing observations out to the
virial radius. A X-ray mass lower than the lensing estimate
establishes the level of the nonthermal pressure; relatedly, a
gas fraction derived via the lensing mass that is found higher
than the universal value indicates the degree of clumpiness
in the gas density profile.
To obtain a more accurate determination of the non-
thermal pressure level and of the degree of clumpiness re-
quires X-ray observations out to the virial radius for sev-
eral clusters. In the near future, a promising possibility is
constituted by long-exposure Suzaku or XMM-Newton ob-
servations of cluster outskirts (e.g., the X-COP project; see
Eckert et al. 2017b), although the sizes of the related samples
will be limited to a few tens of clusters. In a future perspec-
tive, larger samples will likely become available thanks to
the next generation of high-sensitivity X-ray observatories
such as Athena.
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4 APPENDIX A
In the presence of turbulence the total pressure is given by
the thermal component and by an additional nonthermal
component. It can be written as P (r) = pth(r) + pnth(r) =
pth(r)[1+δ(r)] in terms of the quantity δ(r) ≡ pnth/pth that
when inserted in the HE equation yields the temperature
profile as
T (r)
TR
=
[
k(r)
kR
]3/5 [
1 + δR
1 + δ(r)
]2/5 {
1 +
2
5
bR
1 + δR
×
(4)
×
∫ R
r
dx
x
v2c (x)
v2R
[
kR
k(x)
]3/5 [
1 + δR
1 + δ(x)
]3/5}
and the thermal pressure profile as
P (r)
PR
=
[
1 + δR
1 + δ(r)
]{
1 +
2
5
bR
1 + δR
×
(5)
×
∫ R
r
dx
x
v2c (x)
v2R
[
kR
k(x)
]3/5 [
1 + δR
1 + δ(x)
]3/5}5/2
where vc is the circular velocity (vR is the value at the virial
radius R), and bR is the ratio at R of v
2
c to the sound speed
squared (Cavaliere et al. 2009; Cavaliere et al. 2011).
For k(r) we consider the spherically averaged profile
with shape k(r) = kc + (kR − kc)(r/R)a (see Voit 2005).
To model the reduced entropy production relative to a pure
gravitational inflow, reported by several X-ray observations,
the SM considers an entropy run that starts as a simple
powerlaw with slope a, but for radii r & rb deviates down-
ward (Lapi et al. 2010). For the sake of simplicity, the
entropy slope is taken to decline linearly with a gradient
a′ ≡ (a−aR)/(R/rb−1), where rb and a′ are free parameters
to be determined from the fitting of the X-ray observables.
The weakening of the accretion shocks involves more
bulk energy to flow through the cluster, and drive turbu-
lence into the outskirts (Cavaliere et al. 2011b). Turbulent
motions originate at the virial boundary and then they frag-
ment downstream into a dispersive cascade to sizes l. Nu-
merical simulations show that small values of the turbulent
energy apply in the cores of relaxed clusters, but the ratio
MNRAS 000, 1–8 (2017)
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Eturb/Ethermal of the turbulent to thermal energy increases
into the outskirts (e.g., Vazza et al. 2011). For δ(r) we use
the functional shape
δ(r) = δR e
−(R−r)2/l2 (6)
which decays on the scale l toward the internal cluster re-
gions from a round maximum at R. This profile of δ(r) con-
cur with the indication of numerical simulations (Lau et al.
2009; Vazza et al. 2011).
The traditional equation to estimate the total X-
ray mass M(r) within r is modified as follows to take
into account the additional nonthermal pressure component
(Fusco-Femiano & Lapi 2013)
M(r) = −kB [T (r)(1 + δ(r)]r
2
µmpG
{
1
ne(r)
dne(r)
dr
+ +
+
1
T (r)[(1 + δ(r))]
dT (r)[1 + δ(r)]
dr
}
=
(7)
= −kB [T (r)(1 + δ(r)]r
2
µmpG
[
1
ne(r)
dne(r)
dr
+
+
1
T (r)
dT (r)
dr
+
δ(r)
1 + δ(r)
2
l2
(R − r)
]
.
The hot gas mass writesMgas = 4piµemp
∫
dr ne(r)r
2 where
µe ∼ 1.16 is the mean molecular weight of the electrons.
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